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The e l e c t r i c a l  a c t i v i t y  o f  t he  b r a i n  recorded as t h e  e lec t roencepha-  
logram (EEG) has o f f e r e d  a r e a d i l y  a c c e s s i b l e  parameter f o r  measurement 
and has proved use fu l  as a general  index o f  p h y s i o l o g i c a l  s t a t e  (Berger ,  
1929; B r a z i e r ,  1961). The changes o f  p a t t e r n i n g  o f  the EEG w i t h  p h y s i o -  
l o g i c a l  s t a t e ,  as w e l l  as c e r t a i n  d i s t i n g u i s h i n g  f e a t u r e s  o f  t he  EEG i n  
d isease processes, have produced a s u b s t a n t i a l  body o f  knowledge. However, 
t h i s  knowledge i s  based on s c i e n t i f i c a l l y  u n c e r t a i n  ground, because the 
EEG i s  n o t  e a s i l y  q u a n t i f i a b l e .  As a measure o f  f u n c t i o n  o r  s t a t e ,  i t  can 
p r o v i d e  o n l y  c i r c u m s t a n t i a l  evidence. 
accumulated t h a t  i n d i c a t e s  the  genesis o f  t he  EEG i n  i n d i v i d u a l  neuronal  
wave genera to rs ,  the n a t u r e  o f  t h e i r  separate c o n t r i b u t i o n s  t o  the 
ensemble o r  p o p u l a t i o n  c h a r a c t e r i s t i c  recorded as the  gross EEG remains 
o n l y  p a r t l y  resolved ( E l u l ,  1967; Adey, 1968). 
A l though  much new ev idence has 
T h i s  i s  n o t  an  unexpected r e s u l t  i n  v iew  o f  what i s  known a n a t o m i c a l l y  
and h i s t o l o g i c a l l y  about the b r a i n .  The system, as an  i n f o r m a t i o n  
p rocess ing  organ, i s  comprised o f  a v e r y  l a r g e  number o f  a c t i v e  elements,  
complexly in terconnected,  w i t h  dynamic and t ime v a r y  ng i n t e r a c t i o n s  
between the elements,  and probably  hav ing  non-repeat ng r e l a t i o n s h i p s  as 
w e l l .  A l t hough  exceed ing ly  complex, the f u n c t i o n i n g  b r a i n  produces 
c l e a r l y  d e f i n a b l e  behav io r  and i n  d isease,  produces c l a s s i f i a b l e  symptoms. 
I n  recen t  years,  u s i n g  h i g h  speed d i g i t a l  computing techniques w i t h  
s o p h i s t i c a t e d  s t a t i s t i c a l  a n a l y s i s  methods, i t  has been shown t h a t  u s e f u l  
p h y s i o l o g i c a l  i i i d i ces  a r e  a v a i l a b l e  i n  the EEG (Adey, i 966a ;Wa l te r ,  Rhodes, 
E Adey, 1967). These r e l a t i o n s h i p s  i n  the component p a r t s  o f  the gross 
EEG which appear t o  y i e l d  i n f o r m a t i o n  about b r a i n  f u n c t i o n  a r e  n o t  
a c c e s s i b l e  through t h e  usual  avenues o f  c l i n i c a l  "EEG reading. ' '  
By the use o f  ch ron ica  
and w i t h  the  advent  o f  surg 
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l y  implanted e l e c t r o d e s  
c a l  t reatment  f o r  c e r t a  
d i s o r d e r s ,  i t  has become p o s s i b l e  t o  o b t a i n  the  EEG 
i n  an imal  s t u d i e s  
n human n e u r o l o g i c a l  
from l o c a l i z e d  b r a i n  
reg ions.  Such s t u d i e s  have l e d  t o  the e s t a b l i s h m e n t  o f  p a t t e r n s  which 
c h a r a c t e r i z e  p a r t i c u l a r  b r a i n  reg ions,  and r e l a t i o n s  between b r a i n  
reg ions,  b u t  have n o t  e s t a b l i s h e d  a s e t  o r  s e t s  o f  un ique d e s c r i p t o r s  
f o r  the f i n e r  f e a t u r e s  o f  f u n c t i o n a l  b r a i n  s t a t e s .  Animal s t u d i e s  i n  
a l e a r n i n g  s i t u a t i o n  have demonstrated t h a t  t h e  EEG may become o rgan ized  
i n t o  rhy thmica l  p a t t e r n s  w i t h  a h i g h  degree o f  o r d e r  (Adey, 1966a; 
E l a z a r  & Adey, 1967a & b ) .  These s t u d i e s  i m p l i c a t e  f u n c t i o n a l  mechanisms 
which must r e - d i r e c t  the wave generat ing systems most p robab ly  a t  the 
expense o f  me t a  bo1 i c energy . 
Biochemical  s t u d i e s  o f  b r a i n  t i s s u e s  as  w e l l  as chemica l l y  mani -  
p u l a t e d  e l e c t r o p h y s  i o l o g i  ca l  s tud ies  i n  i s o l a t e d  neura 1 t issues have 
long shown t h a t  t h i s  organ func t i ons  n o r m a l l y  i n  a v e r y  f i n e l y  balanced 
s t a t e .  The c o n s t i t u e n t s ,  from the s i n g l e  monovalent ion t o  the  l a r g e s t  
p o l y i o n i c  macromolecule f u n c t i o n  i n  a dynamic s t a t e  which may be g r o s s l y  
d i s t u r b e d  by t r a c e  amounts o f  p a r t i c u l a r  molecules and these d i s tu rbances  
can produce q u i t e  marked behav io ra l  m o d i f i c a t i o n s  (Adey, 1966b). \,It i s  
l o g i c a l  t hen  t o  seek a measurement method which would assess these dynamic 
p rope r t i e s d i re  c t 1 y . 
E l e c t r i c a l  Impedance o f  T i ssue  
One method which has l o n g  been used and r e c e n t l y  reviewed by 
A l a d j a l o v a  (1964) i s  s imp ly  t o  app ly  a known v o l t a g e  ( V )  t o  a p a i r  o f  
e l e c t r o d e s  which pass a known e l e c t r i c  c u r r e n t  ( 1 )  through the t i s s u e  
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and see what the  t i s s u e  has done t o  the  c u r r e n t .  The e l e c t r i c a l  
impedance ( Z )  i s  d e f i n e d  by the  e f f e c t  o f  t he  t i s s u e  on the  measur ing 
c u r r e n t .  T h i s  i s  u s u a l l y  g i v e n  by the  r a t i o :  
V 
I 
=, 
Since the  c u r r e n t  w i l l  d i f f u s e  w ide ly  i n  pass ing  through t i s s u e ,  i t  
i s  impor tan t  t o  have an  approximate idea o f  the p h y s i c a l  n a t u r e  o f  
the system b e i n g  observed b o t h  i n  terms o f  c u r r e n t  spread volume and 
t h e  c o n s t i t u e n t s .  These parameters w i l l  determine the  way i n  which 
t h e  t i s s u e  a f f e c t s  the  impedance. B i o l o g i c a l  impedance measurement 
i s  t h e r e f o r e  measured i n  a volume, and s u b j e c t  t o  the  i n f l u e n c e  o f  
a l l  the components i n  the  measured volume. I n  o u r  s t u d i e s  impedance 
i s  used as a n  index o f  a p h y s i c a l  p r o p e r t y  o f  the t i s s u e ;  they a r e  
n o t  determined s o l e l y  f o r  t h e i r  r e l a t i o n  t o  the i n t r i n s i c  e l e c t r i c a l  
a c t i v i t y  o f  the b r a i n .  
W i t h  s u f f i c i e n t l y  l a r g e  e l e c t r o d e  separa t i on ,  the whole head 
impedance may be observed (impedance rheography).  W i t h  somewhat smal l e r  
volumes, b u t  l a r g e  enough t o  i nc lude  a r t e r i o l e s ,  p u l s a t i o n s  r e l a t i n g  t o  
b l o o d  f l o w  may be observed ( B i r z i s  & Tachibana, 1965). The b lood 
f l o w  r e l a t e d  impedance measurements have been used t o  s tudy r e g i o n a l  
hemodynamics o f  the b r a i n  ( S h a l i t ,  1965) as w e l l  as b lood volumes 
(Moskolenko, Cooper, Crow.& Wa l te r ,  1967). A t  t h e  s m a l l e s t  extreme i s  
the measurement o f  membrane impedance f o r  s i c g l e  c e l  Is. I n te rmed ia te  
t o  these l e v e l s  i s  a volume o f  t i s s u e  i n  which the impedance appears 
u n a f f e c t e d  by b lood volume. However, changes r e f l e c t i n g  b e h a v i o r a l  
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s t a t e ,  p h y s i o l o g i c a l  man ipu la t i ons ,  and d r u g  induced s t a t e s  may be 
found. I t  i s  a t  t h i s  t i s s u e  l e v e l  t h a t  we have made impedance s t u d i e s  
i n  the pas t  seve ra l  years (Adey, Kado, & D i d i o ,  1962). 
Since i t  i s  d e s i r a b l e  t o  observe the  impedance o f  c e r e b r a l  t i s s u e s  
w i t h  t h e  l e a s t  p o s s i b l e  d i s tu rbance ,  o t h e r  than  by i n s e r t i o n  o f  the 
e l e c t r o d e ,  the e l e c t r o d e s  and the measur ing c u r r e n t s  a r e  k e p t  smal 1 .  
The c u r r e n t  i s  a l t e r n a t i n g  a t  a f requency o f  1 kHz t o  a v o i d  cumu la t i ve  
p o l a r i z a t i o n  e f f e c t s  and i t s  f l o w  i s  measured as a s teady s t a t e  process.  
Furthermore, t o  be most u s e f u l ,  the measurements should be made i n  
normal,  p e r f o r m i n g  animals .  
The e l e c t r o d e  i s  coax ia l  i n  c o n s t r u c t i o n  w i t h  an o u t e r  conductor  
d iamete r  o f  0.5 mm and c e n t r a l  conductor o f  0.1 mm d iameter  e x t e n d i n g  
a p p r o x i m a t e l y  1 mm beyond the end o f  the o u t e r  conductor .  Both a r e  
made o f  s t a i n l e s s  s t e e l  and i n s u l a t e d  w i t h  epoxy v a r n i s h  excep t  a t  t he  
t i p s  where they  a r e  exposed f o r  a d i s t a n c e  o f  about  0.5 mm. The m a j o r i t y  
o f  t he  c u r r e n t  passes through a r o u g h l y  s p h e r i c a l  volume o f  t i s s u e  
approx ima te l y  1 mm i n  d iameter  a s  demonstrated w i t h  a model e l e c t r o d e  i n  
a homogeneous medium (Adey, Kado, D i d i o ,  & S c h i n d l e r ,  1963). The re fo re ,  
i t  i s  assumed t h a t  t h e  impedances observed r e f l e c t  the e f f e c t s  o f  the 
v i a b l e  t i s s u e  su r round ing  the e l e c t r o d e  t i p  w i t h i n  t h i s  smal l  volume. 
A f u r t h e r  assumption i s  t h a t  the complex i n t e r f a c e  impedance between 
t h e  meta l  o f  the e l e c t r o d e  and the t i s s u e ,  due t o  many f a c t o r s ,  i s  
una f fec ted  by t h e  ex t reme ly  smal l  t e s t  c u r r e n t  d e n s i t y  (Schwann, 1963). 
Measurement Methods i n  Small Volumes o f  T issue 
The measurement i t s e l f  i s  made w i t h  a Wheatstone b r i d g e  c i r c u i t  
F i g .  1 
abou t  ( F i g .  1A) which i s  used t o  balance the e l e c t r o d e  impedance t o  zero 
he re  
and t o  p rov ide  an  unbalance v o  
An e x c i t a t i o n  v o l t a g e  o f  about  
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tage p ropo r t i ona 
40 pV rms a t  1.0 
t o  impedance changes 
kHz i s  a p p l i e d  t o  the 
b r i d g e  which r e s u l t s  i n  a c u r r e n t  d e n s i t y  a t  the  exposed e l e c t r o d e  
su r face  o f  about  10 Ap . Since the  v o l t a g e  ( V )  remains approx ima te l y  
cons tan t ,  the  c u r r e n t  ( I )  w i l l  va ry  w i t h  the  impedance ( Z )  as shown i n  
E q .  ( 1 ) .  
g r e a t  range however, w i t h o u t  ve ry  l a r g e  impedance changes. A ba lance 
i s  ob ta ined by a d j u s t i n g  r e s i s t o r s  (R )  and c a p a c i t o r s  ( C )  which a r e  
combined i n  p a r a l l e l  i n  the known l e g  o f  the b r idge .  A t  balance, the 
va lues  o f  r e s i s t a n c e  and capaci tance i n  the b r i d g e  a r e  the  p a r a l l e l  
e q u i v a l e n t  o f  the  impedance beyond the  meta l  o f  the e l e c t r o d e .  The 
r e s i s t a n c e  and capac i tance a r e  read d i r e c t l y  from the  s w i t c h  p o s i t i o n s  
i n  the b r i d g e  and a r e  c a l l e d  the base l i ne  va lues  o f  R and C .  The p a r a l l e l  
connect ion  of the R and C components r e s u l t s  i n  the impedance Z be ing  
de f i ned  as shown i n  Eq. (3)  which shows t h a t  a decrease i n  R and C 
c o u l d  r e s u l t  i n  no Z change. Equat ion (2 )  shows t h a t  t he  c a p a c i t i v e  
reactance ( X  ) v a r i e s  immensely w i t h  capaci tance so t h a t  a r i s e  i n  
capac i tance r e s u l t s  i n  a decreased impedance. 
-13 -2 
I t  can be seen tha t  the c u r r e n t  cannot change over  a v e r y  
C 
1 - -  
x C  WC 
a nd 
R 
( 3 )  
The e x a c t  e q u i v a l e n t  c i r c u i t  f o r  the c u r r e n t  p a t h  i n  t i s s u e  i s  n o t  
known; i t  i s  p robab ly  bes t  approximated by the  c i r c u i t  shown i n  F i g .  1B.  
T h i s  c o n f i g u r a t i o n  avo ids  the d i f f i c u l t y  of e x p l a i n i n g  the  c o n d u c t i v i t y  
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(Rp) which occurs  a t  zero  frequency. 
no c u r r e n t  cou ld  f l o w  f o r  d i r e c t  c u r r e n t s .  
can e x i s t  i n  the  known e lements o f  the b r i d g e  s i n c e  o n l y  one combinat ion 
o f  r e s i s t a n c e  and capaci tance i n  p a r a l l e l  l e g  w i l l  y i e l d  the  necessary 
impedance and t h e  phase t o  balance the  impedance o f  t he  e l e c t r o d e  t i p .  
The b r i d g e  p rov ides  the  means f o r  suppress ing  the l a r g e  s teady 
impedance (Z)  so t h a t  s m a l l  changes (AZ) (0.1 t o  2.0 pe rcen t )  may be 
d e t e c t e d  as  shown v e c t o r i a l y  i n  F i g .  1B. No e f f o r t  i s  made t o  separate 
p o l a r i z a t i o n  impedance from t i s s u e  impedance s ince  the b r i d g e  c i r c u i t  
ba lances a t o t a l  impedance a t  the e l e c t r o d e  t i p .  
I f  o n l y  R S  and C s  a r e  assumed, 
No a m b i g u i t y  o f  va lues  
I n  the  balanced c o n d i t i o n ,  the b r i d g e  p r o v i d e s  a ze ro  o u t p u t  
s i g n a l  t o  the h i g h  g a i n  tuned a m p l i f i e r  (A) i n  F i g .  1A. However, as  
t h e  t i s s u e  impedance changes by smal 1 amounts, an unbalance v o l t a g e  
w i l l  appear, p r o p o r t i o n a l  t o  the amount and d i r e c t i o n  o f  change i n  the 
impedance. The unbalance vo l tage  appears as a s i n g l e  s i n e  wave phase 
s h i f t e d  from the  b r i d g e  e x c i t a t i o n  v o l t a g e  by the p a r a l l e l  e q u i v a l e n t  
c i r c u i t .  An a n a l y s i s  of t h i s  unbalance v o l t a g e  i s  g i v e n  by  A l a d j a l o v a  
(1964) and more r e c e n t l y  reviewed f o r  h i g h e r  f requenc ies  where the 
same p r i n c i p l e s  a p p l y  (Smith, Weurker, & Frank, 1967). Where A l a d j a l o v a  
d i s p l a y e d  the  unbalance v o l t a g e  on an o s c i  1 loscope and photographed a 
L i s s a j o u  p a t t e r n  f o r  subsequent measurement, Smith, e t  a l .  used iden-  
t i c a l l y  the  same sampling methods we have been app ly ing .  
B r i e f l y  s t a t e d ,  the un a lance v o l t a g e  o f  the b r i d g e  may be shown 
to  be equa l  t o  the v e c t o r i a  a d d i t  i o n  o f  two s ine  waves. I f the 
e q u i v a l e n t  c i r c u i t  a t  the e ec t rode  t i p  i s  a r e s i s t a n c e  and capaci tance 
c i r c u i t  o n l y ,  the  unbalance vo l tage  may be expected t o  s t a y  i n  one 
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quadrant  o n l y .  The re fo re ,  the  unbalance v o l t a g e  may be assumed t o  
c o n s i s t  o f  o n l y  two components separated by  90' in-phase. 
shows how vo l tages  which a r e  i n  phase (0 ) and p r e c i s e l y  goo o u t  o f  
phase w i t h  the  e x c i t a t i o n  vo l tage  may be summed t o  equal  the  phase 
s h i f t e d  unbalance vo l tage .  I t  i s  p o s s i b l e  t o  produce a phase s h i f t e d  
v o l t a g e  o f  any ampl i tude and phase from 0' t o  90' by combin ing the  
a p p r o p r i a t e  ampl i t udes  o f  an  in-phase and quadra ture  v o l t a g e  w i t h  
F igu re  2A 
0 
.Fig. 2 
f i x e d  phase. about  he r e  
0 
Note t h a t  i n  F ig .  2A w i t h  two s i n e  waves 90 a p a r t ,  when one i s  
a t  i t s  peak va lue ,  the o t h e r  i s  pass ing  th rough zero. The i m p l i c a t i o n  
o f  t h i s  b a s i c  p r o p e r t y  i s  t h a t  i f  the unbalance v o l t a g e  i s  sampled a t  
t h e  c o r r e c t  i n s t a n t  i n  t ime,  an in-phase and quadra ture  component may 
be de tec ted  w i t h  respec t  t o  the  e x c i t a t i o n  vo l tage .  These v o l t a g e s  
w i l l  be de tec ted  i n  a m u t u a l l y  e x c l u s i v e  fash ion  so t h a t  changes i n  
amp l i t ude  o f  the  components w i l l  r e s u l t  i n  independent changes, i n  
the  de tec ted  ou tpu ts .  
T h i s  process i s  shown i n  F ig .  28 where the component s i n e  waves 
a r e  d e p i c t e d  separa te l y .  Ac tua l  d e t e c t i o n  i s  accomplished by two 
e l e c t r o n i c  sw i tches  which a r e  turned on and o f f  by 0.1 msec pu lses  
separated by 250 p e c  and synchronized by the  same o s c i  1 l a t o r  which 
d r i v e s  the  b r i d g e .  The 0 and 90 s i n e  waves a r e  sampled once i n  each 
c y c l e  t o  o b t a i n  monophasic pu lses.  Sampling tw ice  each c y c l e  w i l l  
result in t w i c e  the  o u t p u t  b u t  w i l l  r e q u i r e  a d d i t i o n a l  c i r c u i t r y  t o  
o b t a i n  a u n i d i r e c t i o n a l  o u t p u t .  Thus two, one kHz pu lse  t r a i n s  a r e  
0 0 
produced where the pu lse  ampl i tudes  a r e  determined by the ampl i tudes  
o f  the component v o l t a g e s  a t  the t ime o f  sampling. The pu lse  t r a i n s  
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a r e  smoothed t o  produce two cont inuous s igna 
be recorded by  an i n k  w r i t i n g  inst rument  hav 
s ( F i g .  2C) which may 
ng s u f f i c i e n t  s e n s i t i v i t y .  
The method t h e r e f o r e  y i e l d s  two impedance measures. The base1 ine 
va lues  o f  R and C a r e  read from the a d j u s t a b l e  b r i d g e  elements,  and t h e  
cont inuous smal l  p e r t u r b a t i o n s  i n  these impedances a r e  w r i t t e n  o u t  by 
a pen w r i t e r .  I f  the  change i n  t i s s u e  impedance i s  so l a r g e  as t o  d r i v e  
the  pen w r i t e r  o f f  sca le ,  the b r idge  i s  rebalanced and the new b a s e l i n e  
impedance i s  noted. 
By f l o a t i n g  t h e  b r i d g e  c i r c u i t  w i t h  i s o l a t i o n  t rans fo rmers ,  i t  
has been p o s s i b l e  t o  have the e l e c t r o d e  l o c a t e d  as f a r  as 30 f e e t  f rom 
t h e  i ns t rumen t .  The cable capaci tance must be balanced by f i x e d  
c a p a c i t o r s  i n  the  b r i d g e  ( C l ,  C2,  F i g .  1A) when the cable rms were long 
and had l a r g e  capaci tances.  T h i s  c a p a b i l i t y  makes remote impedance 
measurements p o s s i b l e  b o t h  from c h r o n i c a l l y  implanted,  f r e e l y  moving 
an ima ls  and from a p a t i e n t  reco rd ing  room. 
F i g .  3 
abou t  Measurements i n  T issue 
he re  
S tud ies  have been made i n  both t h e  a c u t e  and c h r o n i c  p r e p a r a t i o n s  
i n  animals  and w i t h  c h r o n i c a l l y  implanted e l e c t r o d e s  i n  man ( P o r t e r ,  
Adey, E Kado, 1965). The impedance responds r a p i d l y  t o  sensory s t i m u l i  
i n  s t r u c t u r e s  such as the hippocampus (F ig .  3 ) .  
t h e  form o f  a sharp f a l l  i n  t he  r e s i s t i v e  component and an e q u a l l y  sharp 
These a r e  u s u a l l y  i n  
r i s e  i n  the c a p a c i t i v e  component, f o l l o w e d  by a s low r e t u r n  t o  the 
b a s e i i n e  l e v e l  i n  b o t h  components. The term " f a s t "  i n  these s t u d i e s  
i s  u s u a l l y  i n  the  range o f  1 t o  2 sec. 
-9 - 
The magnitude o f  the s h i f t s  appear r e l a t e d  t o  the  i n t e n s i t y  o f  
s t i m u l u s .  The example g i v e n  i n  F ig .  3 i s  taken from a c a t  immobi l ized 
and p laced i n  a s t e r e o t a x i c  inst rument  (Adey, Kado, & W a l t e r ,  1965). 
R e l a t i v e l y  smal l  s h i f t s  a r e  produced w i t h  s t i m u l i  such as a l oud  c l a p  
(no ise)  and a v e r y  smal l  response, when the  obse rve r  passes i n  t h e  
f i e l d  o f  v iew. However, w i t h  a paw squeeze a p p l i e d  o n l y  w i t h  the  
f i n g e r s ,  a s h i f t  o f f  s c a l e  i s  e l i c i t e d .  On subsequent s i g h t i n g s  o f  
t he  observer  a smal l  s h i f t  fo l lowed by a much l a r g e r  change i s  seen. 
I t  i s  d i f f i c u l t  t o  a v o i d  the i n fe rence  t h a t  t h e  s i g n i f i c a n c e  o f  
t he  obse rve r  t o  the animal has been a l t e r e d  by the  
The p h y s i o l o g i c a l  response i s  a measure o f  an i n t r  
c e r e b r a l  t i s s u e  t h a t  d i f f e r s  from the b r i e f  neuroe 
recen t  expe r ien  ce . 
n s i c  change i n  
e c t r i c  response 
t o  an e x t e r n a l  s t i m u l u s .  O f  the reg ions  s t u d i e d ,  the hippocampus i s  
by f a r  t he  most responsive t o  a l l  forms o f  s t i m u l i .  
S l o w  Impedance Changes 
Impedance changes a r e  n o t  conf ined t o  t r a n s i e n t  e f f e c t s .  A l t e r e d  
p h y s i o l o g i c a l  and b e h a v i o r a l  s t a t e s  a r e  accompanied by l ong  term 
s h i f t s  which p e r s i s t  f o r  the d u r a t i o n  o f  the m o d i f i e d  s t a t e .  The 
e f f e c t s  o f  a b a r b i t u r a t e  a r e  d i f f e r e n t  from those produced by a 
psychotomimet ic  drug. F i g u r e  4, f rom an e a r l y  s tudy  (Adey e t  a1 1962), -* ’ 
shows an e l e v a t i o n  o f  the res i s tance  by about  10 p e r c e n t  and a r e t u r n  
t o  nea r  b a s e l i n e  i n  the  course o f  an a n e s t h e t i z e d  s t a t e  induced w i t h  
p e n t o b a r b i t a l  (35 n?g/Kg I By c o n t r a s t ,  a psychotomimet ic ,  c y c l o -  
hexamine ( 2  mg/Kg I . P . )  decreased r e s i s t a n c e  o f  about  5 pe rcen t  ove r  a 
F i g .  4 
a b o u t  p e r i o d  o f  15 h r s .  
he r e  
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These r e s u l t s  a r e  c o n s i s t e n t  w i t h  o u r  o t h e r  obse rva t i ons  t h a t  
somnolent s t a t e s  a r e  assoc ia ted  wi th a r i s e  i n  impedance and an  
e x c i t e d  o r  a l e r t i n g  s t a t e  i s  accompanied by a f a l l  i n  the  impedance. 
The p o s s i b l i t y  o f  a ma jor  c o n t r i b u t i o n  t o  these e f f e c t s  from a l t e r e d  
b lood  volumes must be considered i n  a f i r s t  e v a l u a t i o n  o f  such f i n d i n g s .  
However, subsequent r e s u l t s  have shown t h a t  the  b lood  volume s h i f t s  
appear t o  be an  i n s i g n i f i c a n t  f a c t o r .  T h i s  q u e s t i o n  has a l s o  been 
considered by van Har reve ld  and Ochs (1956) who found t h a t  a p p r o x i -  
m a t e l y  10 pe rcen t  increase i n  res i s tance  may be produced by empty ing 
o f  the c e r e b r a l  vascu la tu re .  Since ou r  s t u d i e s  do n o t  i nvo l ve  such 
gross  changes i n  b lood volume i t  i s  reasonable t o  assume t h a t  t he  
e f f e c t s  a r i s e  i n  o t h e r  ways. 
Impedance Changes w i t h  P h y s i o l o g i c a l  M a n i p u l a t i o n  
Other  f a c t o r s  r e q u i r e  cons ide ra t i on .  The e x p i r e d  CO i s  increased 
w i t h  each s t i m u l u s  i n  the lower  t r a c e  o f  F i g .  3 .  The s h i f t s  i n  CO a r e  
smal l  b u t  f o l l o w  a t ime course s i m i l a r  t o  changes i n  impedance. I f  the 
impedance s h i f t  i s  c a u s a l l y  r e l a t e d  t o  the  t i s s u e  CO l e v e l ,  i t  should 
be p o s s i b l e  to  e l i c i t  the  s h i f t s  by e x t e r n a l  m a n i p u l a t i o n  o f  CO l e v e l s .  
A s e r i e s  o f  exper iments were performed t o  t e s t  t h i s  hypo thes i s  
(Adey e t  a1 1965). A ve ry  la rge  change i n  the  r e s p i r a t o r y  C O  i s  
-* 7 2 
necessary t o  e l i c i t  impedance s h i f t s  o f  the o r d e r  ob ta ined w i t h  p h y s i o -  
l o g i c a l  sensory s t i m u l i .  T h i s  r e s u l t  i n d i c a t e d  t h a t  endogenous CO 
p r q d u c t i o n  i s  f a r  more i n f l u e n t i s !  than i n h a l i n g  h i g h  l e v e l s  o f  C02 I n  
produc ing  impedance changes, and s u p p o r t i n g  the hypothes is  t h a t  the  
endogenous C02 s h i f t s  and the  observed impedance changes may be produced 
2 
2 
2 
2 
2 
b 
I 
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by a common m e t a b o l i c  mechanism. T h i s  i n fe rence  i s  f u r t h e r  sup- 
p o r t e d  by the f i n d i n g  shown i n  Fig.  5 where the  hippocampus was 
F i g .  5 
about  s t u d i e d  i n c r e m e n t a l l y  (Adey e t  a1 ’ 1965) The responsiveness t o  
he r e  
exogenous CO s h i f t s  i s  r e l a t e d  t o  the n a t u r e  o f  t he  t i s s u e .  I t  
appears t h a t  reg ions  w i t h  a h i g h  neuronal  d e n s i t y  a r e  more s u s c e p t i b l e  
t o  changes i n  C02 than f i b e r  areas. R e v e r t i n g  a g a i n  t o  t h e  q u e s t i o n  
o f  b lood  volume e f f e c t s ,  t h e  d i s t r i b u t i o n  o f  c a p i l l a r i e s  i n  n e u r o p i l  
i s  o n l y  2 t o  3 t imes g r e a t e r  than i n  w h i t e  m a t t e r .  Thus, i f  the 
impedance changes a r e  r e f l e c t i n g  changes i n  b lood  volume, one would 
expec t  t o  see changes a l s o  i n  wh i te  m a t t e r .  Such responses a r e  
absen t  i n  F i g .  5. However, there s t i l l  remains the  p o s s i b i l i t y  o f  a 
d i f f e r e n t i a l  b lood  volume c o n t r o l  mechanism i n  gray versus w h i t e  
ma t t e  r 
2 
I n  human s t u d i e s  ( P o r t e r  e t  a1 1965) a lower b a s e l i n e  impedance -’ ’ 
and r a p i d  response t o  changes i n  pC0 c h a r a c t e r i z e d  the  reg ions  which 
a l s o  produced the spike-and-wave complexes i n  the  e l e c t r i c a l  reco rd ing .  
Gran t  (1923) had shown t h a t  a gl ioma has about  one h a l f  the r e s i s t a n c e  
o f  normal ce reb ra l  t i s s u e  so t h a t  these r e s u l t s  a r e  n o t  s u r p r i s i n g ,  
e s p e c i a l l y  when i t  i s  considered t h a t  such p a t h o l o g i c a l  t i s s u e  may 
have abnormal ly  h i g h  rnetabol i c  r a t e s ,  and b a s i c a l l y  d i f f e r e n t  m e t a b o l i c  
2 
pa ths  i n  anaerob ic  processes (E laza r ,  Kado, E Adey, 1966). 
Impedance Changes i n  Sleep 
These p e r t u r b a t i o n s  i n  impedance do n o t  appear c l o s e l y  r e l a t e d  
the  EEG except  i n  the broad s h i f t s  such as t h e  increased impedance 
s low  wave s l e e p  and a decrease w i t h  t h e  desynchron iza t i on  on awaken 
t o  
n 
ng 
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T h i s  i s  i l l u s t r a t e d  i n  F i g .  6 which shows an a l l  n i g h t  s tudy  con- 
F i g .  6 
about ducted  on an implanted p a t i e n t  ( P o r t e r  e t  -* a1 ’ 1965, unpub l ished 
he r e  
r e s u l t s ) .  The maximum impedance v a l u e  recorded tends t o  remain the  
same f o r  each p e r i o d  o f  stage I l l  s leep  b u t  t r a n s i e n t  decreases w i t h  
each awakening become p r o g r e s s i v e l y  smal l e r .  The impedance changes 
i n  the  s leep  phases and e s p e c i a l l y  the  d i m i n u t i o n  o f  the changes on 
awakening a r e  s i m i l a r  i n  t ime course w i t h  the  sweat r a t e  changes i n  
.. 
man repor ted  by Satoh, Ogawa, & Takagi (1965) and oppos i te  t o  the  
. 17 h y d r o x i c o r t i c o i d  e x c r e t i o n  repo r ted  by Mandell  (1966). 
I n  the s l e e p i n g  ca t ,  i t  was found t h a t  amygdaloid impedance 
changes d i d  n o t  f o l l o w  c y c l i c  changes i n  the EEG t h a t  a r e  the usua l  
concomi tants  o f  c y c l i c  s leep  mechanisms (F ig .  7). A t  the  s low 
r e c o r d i n g  speed shown, i n d i v i d u a l  waves cannot be i d e n t i f i e d  b u t  
s low  amp l i t ude  v a r i a t i o n s  can be d i s t i n g u i s h e d .  A t  each p e r i o d  
o f  low amp1 i t u d e  EEG a c t i v i t y ,  assoc ia ted  w i t h  pa radox ica l  o r  
r a p i d e y e m o v e m e n t  s leep,  impedance rose s l  i g h t l y ,  even when the 
p e r i o d  o f  low amp l i t ude  a c t i v i t y  was s h o r t .  I n  the lower t r a c e ,  the 
animal  was awakened and the  impedance f e l l  s l i g h t l y .  Here, the a m p l i -  
F i g .  7 
about  tude o f  the EEG was o f  the same o r d e r  as i n  spontaneous awakenings. 
he re  
Impedance Changes and Learn ing  
The method presented o f f e r s  a new parameter which may be u s e f u l  
i n  assess ing  b r a i n  t i s s u e  i n  v ivo .  The e l e c t r i c a l  impedance o f  
c e r e b r a l  t i s s u e  appears t o  be a p r o p e r t y  r e l a t e d  t o  the f u n c t i o n a l  
s t a t e  o f  the t i s s u e  s e n s i t i v e l y  responding t o  smal l  and innocuous 
m a n i p u l a t i o n s  which do n o t  re1  i a b l y  m a n i f e s t  themselves by any o t h e r  
a v a i l a b l e  technique.  Impedance changes seen i n  l e a r n i n g  s t u d i e s  
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i l l u s t r a t e  t h i s  p o i n t .  F igu re  8 shows impedance responses i n  the 
amygdala i n  a c a t  runn ing  i n  a Tmaze s i t u a t i o n .  A d rop  i n  impedance 
can be seen t o  accompany t h e a c q u i s i t i o n  o f  the  t a s k  and on r e v e r s a l  
o f  the cue, the  s h i f t  i s  r e e s t a b l i s h e d  o n l y  when the  animal  re - l ea rns  
the  reversed task .  These records a r e  averaged o v e r  40 t r i a l s  i n  a 
p a r t i c u l a r  run  and d i s p l a y  bo th  the average impedance and one s tandard  
d e v i a t i o n  about  the  mean. I t  can be seen t h a t  w i t h  cue r e v e r s a l ,  
increased v a r i a b i l i t y  accompanied l o s s  o f  the s h i f t  d u r i n g  approach. 
These r e s u l t s  would i n d i c a t e  t h a t  a type  o f  r e o r g a n i z a t i o n  was i n  
p rog ress ,  d i r e c t l y  i n v o l v i n g  the  p h y s i c a l  p r o p e r t i e s  o f  the t i s s u e .  
I n  s t u d i e s  o f  such processes as  l e a r n i n g  o r  a l e r t i n g ,  by chemical 
man ipu la t i on ,  the e f f e c t s  on the c e n t r a l  nervous system may be v e r y  
c l o s e l y  f o l l o w e d  by t h i s  method. I t  would t h e r e f o r e ,  be most mean- 
i n g f u l  t o  know w i t h  some s p e c i f i c i t y ,  the mechanism o r  mechanisms 
which may be respons ib le  f o r  the impedance changes t h a t  we have seen. 
F i g .  8 
about  
Conc lus ion  - he r e  
A t  t h i s  t ime  i t  appears h i g h l y  u n l i k e l y  t h a t  these r e s u l t s  may 
be a t t r i b u t e d  t o  a s i n g l e  mechanism o r  f u n c t i o n a l  s t a t e .  There a r e  
t o o  many p o s s i b l e  pathways f o r  the c u r r e n t  t o  take and t o o  many 
elements i n  each o f  these pathways t o  a l l o w  assignment o f  s o l e  respon- 
s i b i l i t y  f o r  these changes. Each one p robab ly  makes some c o n t r i b u t i o n  
t o  the  t o t a l  impedance change. However, t he re  a r e  some known f a c t o r s  
wh ich  a r e  more l i k e l y  than o the rs .  O f  these,  the e x t r a c e l l u l a r  space, 
hav ing  the lowest  res i s tance  t o  c u r r e n t  f l o w  i s  a pr ime candidate.  
Van Har reve ld  and Malho t ra  (1965) have used the  impedance change w i t h  
anox ia  and f i x a t i o n  combined w i t h  a f reeze d r y i n g  technique t o  s u c c e s s f u l l y  
-14- 
demonstrate the e x i s t e n c e  o f  a la rge  i n t e r s t i t i a l  space. A l though  
these f i n d i n g s  had no t  been supported b y  independent means, the  
assumption t h a t  t he  m a j o r i t y  o f  the c u r r e n t  f lows th rough the e x t r a -  
c e l l u l a r  space i s  p robab ly  v a l i d .  I n  t h i s  regard  t h e  s tatement  by  
Cole i n  1933 i s  s t i l l  a p p l i c a b l e .  ' W h i l e  we may then make any measure- 
ments t h a t  we w ish  a t  these two terminals . . .as l ong  a s  the p o t e n t i a l  
o r  c u r r e n t  i s  kep t  s u f f i c i e n t l y  low. . . i t  must be remembered t h a t  t h e r e  
may w e l l  be more independent elements between these two t e r m i n a l s  than 
t h e r e  a r e  independent measurements t h a t  we can make a t  the  te rm ina ls . "  
Where Cole r e f e r r e d  t o  the system o f  c e l l s ,  we ex tend the same 
thoughts  t o  the  complex system which e x i s t s  i n  the  i n t e r s t i t i a l  space. 
We a r e  c o n t i n u i n g  ou r  s tud ies  o f  the  p o s s i b l e  r o l e  i n  p r o d u c t i o n  
o f  the impedance changes by  t h e  c o n s t i t u e n t s  i n  t h i s  space, which i s  
c l e a r l y  n o t  o n l y  ce reb rosp ina l  f l u i d .  
T h i s  i n v e s t i g a t i o n  was supported i n  p a r t  by U n i t e d  S ta tes  P u b l i c  
H e a l t h  Serv ice  Grant  MH-03708, AF O f f i c e  of  S c i e n t i f i c  Research 
under  Cont rac t  No. AF 49(638) -1387, and by the N a t i o n a l  Aeronaut ics  
and Space A d m i n i s t r a t i o n  under  Grant No. NsG 237-62. 
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F igu re  Legends 
F i g .  1 .  Impedance measurement system. 
A .  Wheatstone b r i d g e  diagram w i t h  b l o c k  r e p r e s e n t a t i o n  
o f  e l e c t r o n i c  system. C and R form the manua l l y  a d j u s t a b l e  
elements, C and C a r e  used t o  balance cab le  capaci tances,  
T a r e  i s o l a t i o n  t rans fo rmers ,  R 1  and R 2  form a v o l t a g e  
d i v i d e r  t o  p r o v i d e  the  m i c r o v o l t  b r i d g e  d r i v e  v o l t a g e s  through 
connect ions X - X .  The b r idge  i s  connected t o  the e l e c t r o d e  by 
means o f  two s h i e l d e d  cables. The b r i d g e  o u t p u t  i s  a p p l i e d  
t o  the  amp1 i f  i e r  A through T 1 .  
B. Probable e q u i v a l e n t  c i r c u i t  seen by t h e  e l e c t r o d e  i n  
t i s s u e .  R and C a r e  s e r i e s  r e s i s t a n c e  and capaci tance.  
R a p a r a l l e l  res i s tance  would p r o v i d e  a c u r r e n t  p a t h  a t  
v e r y  low f requenc ies .  
C .  Vec to r  r e p r e s e n t a t i o n  o f  t he  complex impedance Z which 
i s  balanced t o  t h e  o r i g i n  by t h e  b r i d g e  so t h a t  o n l y  t h e  
changes i n  impedance Dz appears a t  t he  i n p u t  t o  the  a m p l i f i e r .  
OZ i s  composed o f  the  res i s tance  component AR and the  
c a p a c i t i v e  component LC. 
1 2 
and T 1 2 
S S 
P 
F i g .  2. Sine wave v o l t a g e  phase r e l a t i o n s  and synchronous d e t e c t i o n .  
A. The s i n e  wave s i g n a l  Z shown i n  heavy broken l i n e  may be 
decomposed i n t o  two s ine waves R and C phased 90 (7 rad ians )  
a p a r t .  The instantaneous va lues o f  R and C can be seen t o  be 
e x a c t l y  represented on Z a t  the peaks. 
6. The two component s i  newaves (0  and 90 ) a re  shown sepa ra ted  
and sampled a t  t he  peaks ( r u l e d  segments). The sampl ing pulses 
occu r  w i t h  a 250 psec in.terva1 and have a d u r a t i o n  o f  100 p e c .  
0 
0 0 
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I .  
W i t h  the samp 
i s  be ing  samp 
i n g  o c c u r r i n g  a t  the peak, t he  a l t e r n a t e  s i n e  wave 
ed a t  an  i n s t a n t  when equal  n e g a t i v e  and p o s i t i v e  
p o r t i o n s  appear. Thus, the o u t p u t  o f  the s w i t c h  when averaged, 
con ta ins  o n l y  the mean o f  the peak va lue .  
I n  a c t u a l  o p e r a t i o n  o n l y  the  s i n e  wave Z i s  sampled by  two 
swi tches which a r e  gated a t  t he  t imes shown. The e x p o n e n t i a l l y  
f i l t e r e d  o u t p u t s  o f  t he  two swi tches p r o v i d e  the  s teady s t a t e  
va lues  o f  the two components. 
C.  The o u t p u t s  o f  the switches a r e  shown recorded w i t h  a pen 
w r i t e  w h i l e  the res i s tance  va lue  was b e i n g  changed * 100 ohms 
around a b a s e l i n e  o f  15.98 k i lohms and the capaci tance changes 
* 0.05 k i l o p i c o f a r a d s  around a b a s e l i n e  va lue  o f  3.35 k i l o -  
p i c o f a r a d s .  The separa t i on  o f  the two components i s  c l e a r l y  
e v i d e n t  beyond the  s w i t c h i n g  a r t i f a c t s  produced by t h e  i n f i n i t e  
i n  R. r e s i s t a n c e  between s w i t c h  con tac ts  
F i  9.  3. Trans i e n t  impedance responses. 
Simu taneous records o f  hippocampa r e s i s t i v e  impedance 
(R .D  H I P P .  R E S . ) ,  expressed i n  k i  ohms, and r e a c t i v e  impedance 
(R.D HIPP. CAP.), expressed i n  k i  op i co fa rads .  These t r a c i n g s  
show e f f e c t s  o f  a u d i t o r y ,  v i s u a l  and somatic s t i m u l i .  A smal l  
t r a n s i e n t  increase i n  expi  red C02 accompanies each s t imu lus .  
F i g .  4. Prolonged impedance changes. 
A .  Change i n  impedance i n  l e f t  d o r s a l  hippocampus i n  the 
course of  nembutol anesthes ia (3Q mg/Kg) and subsequent 
recovery.  T r a n s i e n t  drop i s  shown 55 m i n  a f t e r  i n j e c t i o n  
o f  drug d u r i n g  p a i n f u l  squeeze t o  s k i n  o f  back. 
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B .  Impedance changes i n  same l e f t  d o r s a l  hippocampus leads 
from same animal as  i n  A d u r i n g  a c t i o n  o f  h a l l u c i n o g e n i c  
cyclohexamine d r u g  (CL-400, n - e t h y l - 1  -phenyl -cyclohexamine 
monochlor ide,  2 mg/Kg). The d r u g  induced a l ong  l a s t i n g  
d rop  i n  impedance, i n  c o n t r a s t  t o  the e f f e c t s  o f  nembutol 
(Adey, Kado, & D i d i o ,  1962). 
F i g .  5. D i f f e r e n t i a l  s e n s i t i v i t y .  
Repeated exposure t o  b r i e f  ep isodes o f  hypercapnea, w i t h  
impedance changes a t  success i ve l y  deeper l e v e l s  i n  the 
hippocampus. L i t t l e  change was d i sce rned  w i t h  the  e l e c t r o d e  
t i p  l oca ted  near the a l v e a r  su r face  (A) .  Records B, C y  D 
and E were ob ta ined  i n  successive s teps 300, 200, 100 and 
2001.1, r e s p e c t i v e l y  below the p rev ious  CO cha l l enge .  
Maximal changes occurred i n  the d e n d r i t i c  l a y e r s  o f  the 
pyramidal  c e l l s  (Adey, Kado, & W a l t e r ,  1965). 
2 
F i g .  6. Human hippocampal impedance i n  d i f f e r e n t  l e v e l s  o f  s leep.  
Record from a p a t i e n t  w i t h  implant  i n  the l e f t  p o s t e r i o r  
Pes hippocampus. The impedance changes w i t h  such awakenings 
become s m a l l e r  w i t h  p rog ress ion  through the  n i g h t .  The l e v e l s  
o f  s leep  a r e  i n d i c a t e d  on the upper graph w i t h  two REM p e r i o d s ,  
the f i r s t  o c c u r r i n g  about 12:45 AM and the  second a t  about 
2:3O AM. No remarkable changes i n  impedance a r e  assoc ia ted  
w i t h  t h i s  s t a t e  except  t h a t  t h e  second REM p e r i o d  i s  
accompanied by a gradual  decrease i n  impedance. 
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F i g .  7.  Anomalous impedance c y c l i n g .  
R e s i s t i v e  ( L .  AMYG ( R ) )  and r e a c t i v e  ( L .  AMYG ( C ) )  
amygdaloid impedance changes i n  s leep  (A)  and b e h a v i o r a l  
a rousa l  ( B ) .  Recurrent  episodes o f  p a r a d o x i c a l  s leep ,  
c h a r a c t e r i z e d  by low amp1 i t u d e  EEG records,  showed a r i s e  
i n  r e s i s t i v e  impedance and a s l i g h t  decrease i n  capaci tance.  
Arousal  records,  however, showed reduced r e s i s t a n c e  and 
s l i g h t l y  increased capaci tance. A b b r e v i a t i o n s :  L.M,H. 
and R.M.H. ,  l e f t  and r i g h t  hippocampus; L.V.C., l e f t  v i s u a l  
c o r t e x  (Adey, Kado, I Wa 1 t e  r, 1965). 
F i g .  8. Impedance i n  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i o n .  
C a l c u l a t i o n  o f  means and v a r i a b i  1 i t y  i n  hippocampal 
impedance over  5 day per iods a t  v a r i o u s  l e v e l s  o f  t r a i n i n g .  
I n  each graph, t he  middle t r a c e - i n d i c a t e s  the mean, w i t h  
upper and lower  t r a c e s  showing one s tandard d e v i a t i o n  from 
the  mean. C a l i b r a t i o n s  i n d i c a t e  50 p i c o f a r a d s  w i t h  mean 
b a s e l i n e  a t  1 1 . 1  k i l o p i c o f a r a d s  throughout  the t r a i n i n g  
meaneuvers; and 100 ohms a g a i n s t  a mean b a s e l i n e  o f  16 
k i lohms f o r  the same p e r i o d .  V a r i a b i l i t y  was low a t  100 
p e r c e n t  performance (A) increase s u b s t a n t i a l l y  immediately 
a f t e r  cue r e v e r s a l  (E!), b u t  decreased a g a i n  a f t e r  r e t r a i n i n g  
(C). The f a s t  decrease accompanying the approach p e r i o d  i s  
d im in i shed  a t  t he  t ime o f  cue r e v e r s a l  and r e s t a b l i s h e d  
w i t h  t r a i n i n g  t o  the reversed paradigm (Adey, Kado, M c l l w a i n  
I Wal te r ,  1966). 
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